Introduction
Continuous flow micro-and milli-reactors have found increasingly wide applications in organic synthesis on all scales. 1, 2 The rapidly growing interest can be attributed to a range of advantages offered by these devices. Compared to traditional batch reactors, continuous flow microreactors typically exhibit enhanced heat and mass transfer, improved safety, and higher levels of controllability. 1 Furthermore, multiple reaction steps, purification steps and analysis can be combined into a single continuous production unit. 2, 3 The flow systems are usually assembled from relatively simple, off-the-shelf components, such as polymer or metal tubings in combination with standard connectors to join these pieces together (such as those used in standard high performance liquid chromatography (HPLC) instruments). 1 These components, while readily available and cheap, allow only limited design complexity for microfluidic applications. More elaborate architectures are accomplished within microreactors. Microreactors are commercially available in various pre-determined designs and from various inert materials (most commonly glass, stainless steel/Hastelloy, or silicon carbide ceramic).
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These reactors are typically manufactured by well-developed mass-production techniques, such as micromachining, laser ablation, or etching, with little possibilities for customization. 4 In recent years, researchers have explored rapid prototyping technologies to construct more complex, customized microreactors. 5 Several structural elements, such as mixing structures, residence time channels, separation units, and interfaces for in-line analysis, have been incorporated into these devices. 5 So far, the majority of these reactors have been fabricated from polyĲdimethylsiloxane) (PDMS) using soft lithography. 5 Soft lithography is a rather complex, multistep process which is applicable for the fabrication of planar, twodimensional microreactors (structures with varying width but identical depth). The fabrication of more elaborate, truly three-dimensional geometries significantly increases the number of production steps and, consequently, production time.
The main limitation of PDMS reactors is the low chemical compatibility with organic solvents. Furthermore, the low mechanical strength and the low temperature stability prevent applications at elevated pressures and temperatures. 5 These devices, while extensively used for biochemical and analytical applications (e.g. gene sequencing and point-of-care diagnostics), have, thus, found only limited use in organic synthesis.
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Compared to soft lithography, additive manufacturing (a.k.a. 3D printing) is more automated, faster, and, furthermore, allows the fabrication of reactors of nearly arbitrary complexity. 6, 7 For additive manufacturing, a virtual model is initially created in a 3D graphics software. This model is then used to directly build the 3-dimensional structure layer-by-layer, typically without the need for any further planning of the manufacturing process. These manufacturing techniques provide virtually full design freedom and allow fabrication of microreactors with complete control over mixing structures, mixing points, flow paths, and residence volumes. The 3D CAD file is easily shared with collaborators for examination and, additionally, can form the basis for finite element analysis and computer-assisted design optimization (Fig. 1) . Despite the many advantages of 3D printing, applications for the construction of microreactors are still surprisingly rare. [7] [8] [9] Most of the devices reported so far are printed by fused deposition modeling, 8 and stereolithography. 9 While comparatively cheap, these techniques are currently restricted to polymerbased materials which exhibit low stability against a range of reagents and common organic solvents, such as aromatic solvents, ethers and chloroform. 10 Moreover, the low thermal conductivity limits applications to reactions which proceed at room temperature and do not release a lot of heat. With the emergence of high-power lasers for additive manufacturing, parts can now be printed from a variety of metals by selective laser melting (SLM 15, 16 The most attractive difluoromethyl-source, from an economic and environmental perspective, is fluoroform (CHF 3 , Freon 23). Fluoroform, a nontoxic and ozone-friendly gas (bp −82°C ), is generated as a large-volume waste-product during the production of fluoropolymers. Due to its extraordinarily low reactivity, however, it has very little current use. Only recently the first synthetically relevant transformations with fluoroform as reagent have started to emerge. 17 We have become particularly interested by a difluorormethylation reaction developed in the laboratories of Mikami. 18 The protocol generates difluorocarbene by a fast deprotonation of fluoroform with rapid subsequent α-elimination of fluoride. The difluorocarbene then reacts with the anion of the substrate (Fig. 2) . Both reactions are exothermic and fast, even at subambient temperatures. Herein we report the design and manufacturing of a millifluidic flow reactor specifically designed for this reaction. A reliable and robust reactor was produced from stainless steel by selective laser melting (SLM). The reactor features four inlets to combine the substrate feed with two reagent feeds and a final quench solution. The reaction was performed at a reaction temperature of −65°C to generate the desired product in excellent yields after a total reaction time of less than 2 min.
Results and discussion

Reactor design
To accomplish the desired difluoromethylation reaction, three inlets for substrate, nBuLi and CHF 3 are required ( Fig. 2 and 3 ). The reaction commences with a rapid deprotonation of the substrate with nBuLi at sub-ambient temperatures. Mikami and co-workers performed the first reaction step in a batch vessel on a scale of 0.5 mmol at a reaction temperature of −78°C. 18 The reaction time for the deprotonation step was reported to be 5 min. 18 Preliminary experiments from our laboratories suggested that the deprotonation step is completed after a reaction time of only 1 min. After the deprotonation step, the reaction mixture needs to be combined with gaseous CHF 3 . The reaction time for the reaction with CHF 3 was also reported to be around one minute at −78°C. 18 Finally, we decided to have a forth inlet for a quench solution near the outlet of the reactor ( Fig. 2 and 3 ). The quench solution (MeOH) stops the reaction and destroys any excess of base before the reaction stream exits the reactor for collection and analysis. Furthermore, batch experiments demonstrated that small amounts of a precipitate are formed during the reaction (probably LiF). The quench solution is also used to re-dissolve the precipitate at the end of the reactor to avoid accumulation at and eventually blockage of the back pressure regulator. Initial test-prints of cylindrical channels with 10 mm length and internal diameters ranging from 0.5 mm to 2.4 mm demonstrated that the SLM process reliably reproduces channels of around 0.6 mm diameter from the initial CAD model (see Fig. S1 and S2 in the ESI †). We opted for channels with an inner diameter of 0.8 mm (outer diameter of 2.4 mm) to facilitate drainage of the remaining powder from the channels after printing and, furthermore, to reduce risks of blockage during difluoromethylation View Article Online reactions. The reaction channel was designed with a slightly oval cross section. This geometry yields better surface quality on the top surface of the reaction channel by reducing the printing area that overhangs into the metal powder (see Fig.  S1 and S2 in the ESI †). With an envisaged throughput of 0.5 mmol min −1 at a concentration of ∼0.5 M and a reaction time of 1 min for each reaction step, channels of 2 meter length at a diameter of 0.8 mm are required for both reaction zones. The reactor was designed with meandering channels, giving a curvature-based mixing geometry (Fig. 3a) . Similar two dimensional meandering channels are widely used in commercial microreactors. 13, 19 The zig-zag nature of the channels has been demonstrated to enhance advective mixing by stretching and folding of the flow stream. 13 For the reactor presented herein, the meandering channels are drawn onto the cooling element, thus producing the 3-dimensional channel geometry shown in Fig. 3b . The direct attachment of the reaction channel onto the cooling element reduces heat transport distances and facilitates cooling. The cooling element was designed as a single tube in serpentine form with an inner diameter of 7 mm (outer diameter of 9 mm). Standard hose connectors were attached on both ends of the cooling tube to allow simple connection with a circulation cryostat ( Fig. 3c and d) . The two reaction channels for the substrate (inlet A) and the nBuLi feed (inlet B) are first guided like threads around the tube of the cooling element (pre-cooling zone), before they are brought together in a T-junction. The T-junction is followed by a reaction channel of 0.9 mL volume. A second T-junction then combines the reaction channel with the third inlet channel (inlet C for CHF 3 ). After a second reaction channel of 1 mL residence volume, a third T-junction is integrated to allow the introduction of the quench solution (inlet D). A support structure was incorporated at the bottom of the build (Fig. 3c) . The support structure ensures adhesion of the printed components to the build platform and minimizes curling and distortion due to residual welding stresses.
CFD simulation
An especially attractive feature of rapid prototyping techniques is that the initial CAD file can be easily shared and digitally inspected by experts in remote locations. The file can form the basis of finite-volume simulations to examine expected mechanical properties or mixing performance. We used computational fluid dynamics (CFD) simulation to evaluate the mixing geometry. The set of governing equations (i.e. Navier-Stokes equations) was solved using the Ansys-CFX software package. Boundary conditions were set to match the anticipated experimental conditions. Thus, for inlet A a flow rate of 0.8 mL min −1 and for inlet B a flow rate of 0.36 mL min −1 was considered (Fig. 4) . The simulation was performed as steady-state simulation. Fig. 4 shows the contour plots for the flow vorticity (top) and flow streamlines (bottom) at different cut planes along the flow path. From the streamline results, it is seen that the flow is represented by several vortices View Article Online on each plane, which causes good mixing perpendicular to the main stream direction along the reaction channel. Fig. 4 also presents contour plots of flow vorticity (top) on different cut planes. The vorticity field exhibit two "poles" of opposite oriented vorticity fields. The opposing rotations of fluid in a given cross-section are expected to contribute to the mixing performance.
Reactor printing and characterization
For the SLM process, the 3D CAD model is dissected by the process software into a series of cross-sectional slices. The slices are then printed layer-by-layer by fusion of the metal powder (Fig. 5) . Selective laser melting (SLM) is currently one of the most powerful 3D printing technologies. 6 An increasing number of metal and alloys can be used, including aluminum, copper, stainless steel, hastelloy, tantalum and tungsten. 6 These materials provide good chemical stability in addition to excellent temperature and pressure resistance. Furthermore, the materials deliver the thermal conductivity necessary for adequate heat transfer. The reactor present herein was printed with a SLM system from EOS ( Fig. S5 in the ESI †). 20 As metal powder, a 316 L stainless steel powder with a median particle size of 43.5 μm was utilized (Fig. S6 in This article is licensed under a Creative Commons Attribution 3.0 Unported Licence.
View Article Online
the ESI †). The SLM instrument uses an Ytterbium fiber laser with 400 Watt maximum power to fuse the stainless steel powder as it scans across the build area. After the designated areas of the layer have been exposed, the build plate is lowered by 50 μm and another layer of powder is dispensed over the object. The machine then proceeds to scan the next slice cross-section (Fig. 5) . The thermal energy of the laser is sufficient to melt to a depth exceeding the layer thickness. Thus, a portion of the previously solidified structure is remelted to generate a well-bonded, gas-tight, high-density build. 6 The printing process takes place inside an enclosed chamber filled with nitrogen to avoid oxidation and degradation of the material. At the end of the printing process, the freshly printed reactor is retrieved from the bed and the powder is dusted off with compressed air. In contrast to extrusion based printing technologies, SLM does not need secondary support structures for overhangs and undercuts as the printed structure is supported by the surrounding powder bed. This feature enables greater design freedom compared to other printing technologies. However, after the fabrication process the remaining powder needs to be drained from hollow spaces. To facilitate clearance of the reaction channel, shortcut holes were incorporated at every turn ( Fig. 6a and b) . With the help of these shortcut holes, the remaining metal powder could be removed without any difficulties from the channels with compressed air. After the channels were cleared and the reactor was cleaned with ultrasound, the holes were closed by laser beam welding and 1/16″ stainless steel tubings were attached onto the inlets and outlets (Fig. 6e) . The tubings were finally equipped with standard 1/16″ fittings to allow simple integration with peripheral flow equipment (pumps, backpressure regulator and mass flow controller). Unused powder remains unaffected in the SLM process and is recovered for the next 3D print. In total, the printing process took about 14 hours to complete. 
To determine the residence time distribution (RTD) in the reactor, a step experiment was performed (see Fig. S7 and S8 in the ESI †). The build resolution and surface roughness of SLM is still relatively poor compared to conventional manufacturing techniques such as computer-numerically controlled machining (CNC). The surface roughness could have a detrimental effect on the RTD. To measure the RTD, inlet A was connected to a syringe pump (Asia Syrris), while the other inlets were closed. A 10 −3 M aqueous solution of Rose Bengal was pumped through the reactor with a flow rate of 1 mL min −1 . A fast switch from the Rose Bengal solution to water was carried out by means of a three-way valve, while maintaining a flowrate of 1 mL min −1 . The concentration of Rose Bengal at the outlet was measured in-line with an inhouse developed photometer. From the experimental data, the Bodenstein number for the open-open vessel condition was found to be 31.44. The Bodenstein number and the narrow exit age distribution suggest moderate axial dispersion throughout the reactor, without retention of material, channeling or unexpected dead volumes (see Fig. S7 and S8 in the ESI †). In addition, the residence volume was determined to be 1.85 mL and, thus, corresponds very well with the design volume of 1.89 mL, indicating good clearance of the reaction channel and high dimensional accuracy.
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Chemistry
For the difluoromethylation reaction, the inlets A, B and D were attached with standard connectors to three syringe pumps (Asia Syrris). Inlet C was connected via a calibrated mass flow controller (Bronkhorst) to the fluoroform gas cylinder, and the outlet was connected to a backpressure regulator (Swagelok 0-25 bar). Finally, the cooling element was attached in a parallel flow arrangement to the circulation cryostat (Fig. 7) . Diphenylacetonitrile was used a model substrate for the difluoromethylation reaction to demonstrate the performance of the printed reactor. The reaction conditions for the flow difluoromethylation were chosen to resemble those reported by Mikami and co-workers. 18 A comprehensive reoptimization of the reaction conditions was not attempted at this stage. Thus, the reactor was cooled by the cryostat to a temperature of −65°C. A 0.5 M solution of diphenylacetonitrile was pumped into Inlet A with a flow rate of 0.8 mL min −1 , while a commercial solution of nBuLi in hexane (2.5 M) was pumped directly from the supply bottle into Inlet B with a flow rate of 0.36 mL min −1 (Fig. 7) . With these flow rates a 2.25 fold excess of nBuLi and a nominal residence time of ∼50 s in the first reaction zone were obtained. After the first reaction zone the mixture was combined with the fluoroform gas at a flow rate of 26.7 mL min −1
(flow rate at standard conditions; 3 equivalents). Preceding experiments with CHF 3 in continuous flow reactors made of Teflon tubings demonstrated that the gas is completely dissolved in the liquid phase at this temperature. In the second zone of the reactor, the fluoroform is deprotonated by the remaining nBuLi and the resulting unstable trifluoromethanide anion subsequently loses a fluoride ion in an α-elimination to generate a short-lived singlet difluorocarbene (CF 3 − → :CF 2 + F − ). The electrophilic singlet difluorocarbene then reacts with the deprotonated substrate (Fig. 7) . The nominal residence time in the second reactor zone is ∼1 min. At Inlet D, the reaction mixture is finally View Article Online combined with a quench solution of MeOH at a flow rate of 1 mL min −1 before it left the reactor through the outlet and a backpressure regulator at 5 bar. The product was formed with 95% selectivity in this reaction according to GC-FID (see Experimental section for details). The collected mixture was then extracted with Et 2 O/H 2 O, the solvent evaporated and the crude product finally recrystallized from n-hexane. 4 mL of starting material were processed in a continuous run to afford 395 mg of the desired difluoromethylated product in excellent purity and 81% yield.
Conclusion
With the development of new materials for additive manufacturing, such as various metals, alloys, and ceramics, and improving accuracy and quality of the outputs, the production of customized, functional end-products has become increasingly feasible. Even though these technologies are still rarely applied in organic synthesis, recent examples demonstrate that chemical reactors of almost arbitrary complexity can be produced. [7] [8] [9] 12, 13 Herein we presented the design and 3D printing of a continuous flow reactor by selective laser melting (SLM) of stainless steel powder. The utilization of stainless steel enables fast heat transfer and high pressure resistance, thus, allowing the execution of exothermic reactions at cryogenic temperatures and elevated pressures. Furthermore, reactors printed from stainless steel allow the utilization of reagents/solvents which would be destructive to the majority of materials commonly used for other rapid prototyping techniques (such as PDMS). The reactor was specifically designed for a two-step difluoromethylation reaction with gaseous fluoroform. This reaction produces the desired product in excellent purity after a total reaction time of less than 2 min at a reaction temperature of −65°C. It can be expected that additive manufacturing and related direct digital manufacturing technologies, in combination with computational chemical reaction and fluid dynamics simulation, will play a fundamental role in the design of next-generation, continuous flow microreactors. Further work is planned in our laboratories to integrate in-line analysis into the reactor and to further explore difluroromethylation chemistry with fluoroform and other multiphase (g/l) reactions.
Experimental
Reactor design CAD drawings were produced using the Creo 3D CAD software.
Selective laser melting (SLM)
The reactor present herein was printed with a SLM system from EOS (EOSINT M 280). As metal powder, a 316 L stainless steel powder with a median particle size of 43.5 μm was utilized (see Fig. S6 in the ESI †).
CFD simulation
CFD simulations were performed using the Ansys-CFX software package.
Chemistry
General. 1 H NMR spectra were recorded on a 300 MHz instrument. 13 C NMR and 19 F NMR spectra were recorded on the same instrument at 75 MHz and 282 MHz, respectively. Chemical shifts (δ) are expressed in ppm downfield from TMS as an internal standard. The letters s, d, dd, dt, dq, t, q, and m are used to indicate singlet, doublet, doublet of doublets, doublet of triplets, doublet of quadruplets, triplet, quadruplet, and multiplet, respectively. GC-FID analysis was performed using a HP5 column (30 m × 0.250 mm × 0.025 μm). After 1 min at 50°C the temperature was increased in 25°C min −1 steps up to 300°C and kept at 300°C for 4 minutes. The detector gas for the flame ionization is H 2 and compressed air (5.0 quality). GC-MS spectra were recorded using a HP5-MS column (30 m × 0.250 mm × 0.25 μm) with helium as a carrier gas (1 mL min −1 constant flow) coupled with a mass spectrometer (EI, 70 eV). After 1 min at 50°C the temperature was increased in 25°C min −1 steps up to 300°C and kept at 300°C for 4 minutes.
Continuous flow synthesis of difluoromethyldiphenylactonitrile
The flow setup consisted of three continuous syringe pumps (Asia Syrris) to introduce (i) a solution of substrate in THF (feed A), (ii) a commercial solution of n-butyllithium (feed B), and (iii) MeOH (feed D). To start the experiment, the reactor was cooled to −65°C and the whole reactor setup was flushed by pumping dry THF with flow rates of feed A = 800 μL min −1
and feed B = 360 μL min −1 . Fluoroform was introduced into the reactor with a flow rate of 26.7 mL min −1 (3 equiv.) using a calibrated Bronkhorst mass flow controller (MFC). A diphenylacetonitrile solution (0.5 M) in THF was used as feed A. An n-butyllithium solution (2.5 M) in hexanes was used as feed B. Feed A and feed B were pumped into the reactor at flow rates of 800 μL min −1 and 360 μL min −1 , respectively. At inlet D, a quench solution of MeOH was introduced at a flow rate of 1 mL min −1 . The collected reaction mixture was analyzed by GC-MS and GC-FID (peak area integration: 98% conversion and 95% product). The product was extracted with Et 2 O (3 × 20 mL) and recrystallized from n-hexane (10 mL). NMR data for the product are identical with those reported in the literature. 
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